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1  .0 

SUMMARY 

1 .1 

Introduction 

Many  current  ESM  systems  employ  wide  field  of  view  antennas  for  detection  and 
location  of  emitters.  These  systems  can  have  their  signal  processing  system 
overloaded  when  a  large  number  of  signals  are  detected,  or  can  be  rendered 
inoperative  when  as  little  as  one  high  power  jammer  is  in  the  field  of  view. 
Therefore,  due  to  the  large  number  of  and  differing  types  of  emitters  against 
which  todays  system  must  operate,  a  "spatial  filter"  capability  is  an  absolute 
requirement.  In  addition,  in  order  to  handle  the  multitude  of  threats,  the 
system  must  have  a  wide  bandwidth  and  short  revisit  time  capability.  Because 
of  these  additional  requirements,  the  best  means  for  achieving  spatial 
filtering  is  by  using  a  multibeam  antenna  such  as  a  Butler  Matrix  or  Rotman 
Lens.  A  low-sidelobe,  narrow  beamwidth  antenna  can  also  provide  improved 
system  sensitivity  due  to  its  higher  gain,  and  improved  S/N  ratio  due  to  its 
rejection  of  interfering  signals. 

Therefore,  given  a  multi  beam  antenna,  how  can  we  best  utilize  its  aperture 
and  capabilities  to  optimize  the  location  accuracy  and  anti-jam  capability 
of  its  ESM  system,  and  what  compromises  in  antenna  performance  must  be  accepted 
when  using  this  optimum  technique?  This  is  the  question  we  have  addressed. 


This  study  was  performed  as  part  of  PBA  918,  "Airborne^Electronic  Warfare 
Technology",  and  was  done  in  support  of  the  Strategic  (T/Airborne  Intelligence 
Group. 

1.2  Task  Description 

The  purpose  of  this  study  was  to  analyze  techniques  for  combining  outputs 
from  a  multi  beam  antenna, such  as  a  Butler  Matrix  or  a  Rotman  Lens,  in  order 
to  implement  a  direction  of  arrival  (DOA)  capability. 

Emphasis  was  placed  on  determining  the  accuracy  of  several  DOA  techniques  as 
a  function  of  signal-to-noise  (S/N)  ratio  with  a  common  antenna  aperture.  The 
impact  of  cross  polarization  and  sidelobeson  DOA  accuracy  was  also  considered. 
Study  results  will  assist  in  defining  antenna  types  for  ESM  systems  and  their 
performance  capabilities.  . 

v 

1 .3  Method  of  Solution 

An  eight  element  linear  array  was  chosen  for  the  analysis  since  the  geometry 
would  then  be  compatible  with  either  a  Butler  Matrix  or  Rotman  Lens  antenna. 
Radiation  patterns  for  the  "Butler"  beams  were  computed  and  plotted  using  an 
HP  9820  calculator  and  plotter.  Except  where  noted,  the  antenna  aperture  was 
held  constant  for  all  the  analysis. 


1 

0180-24987-1 


-me 


COMPANY 


I 


I 


1 .3  Method  of  Solution  (Continued) 

DOA  techniques  examined  were  as  follows: 

(1)  Amplitude  comparison  between  uniform  illumination  beams. 

(2)  Use  edge  elements  as  interferometer  and  beam  selection  for  ambiguity 
resolution.  Uniform  illumination  beams. 

(3)  Same  as  (1)  except  cosine  illumination  beams. 

(4)  Same  as  (2)  except  cosine  illumination  beams. 

(5)  Monopulse  technique  combining  adjacent  uniform  illumination  beams. 

(6)  Continuous  beam  steering  with  cosine  illumination  beams. 

The  DOA  accuracy  of  these  techniques  was  computed  as  a  function  of  S/N  ratio 
using  the  relationships  described  in  Section  2.5.  A  comparison  of  relative 
DOA  accuracy,  using  a  common  antenna  aperture,  was  then  made.  Analysis  was 
performed  to  determine  the  effect  of  (1)  sidelobe  level  and  (2)  cross  polari¬ 
zation  on  DOA  accuracy. 

1 .4  Results 

DOA  Technique  #1 :  The  schematic  for  an  eight  element  linear  array  interfaced 
with~a  Butler  "Matrix  is  shown  in  Figure  1.4-1.  This  array  forms  the  basis 
for  all  the  computations  that  follow.  Radiation  patterns  for  a  \/‘i  spacing 
between  elements  and  a  uniform  distribution  are  shown  in  Figures  1.4-2  to 
1.4-6.  Only  the  left-hand  beams  are  plotted  since  the  right-hand  beams  are 
mirror  images. 

Since  this  technique  uses  uniform  aperture  illumination,  it  provides  the 
maximum  attainable  gain  value.  At  9=>0  ,  the  beam  crossover  occurs  at  -3.9  dB 
relative  to  the  peak  of  beam(s)  11  and  1R  (Figure  1.4-6).  The  beam  gain 
“roll-off  versus  angle  off  broadside  is  dictated  by  the  element  factor  and 
for  the  case  considered  is  equal  to  20  log  (co$9).  The  gain  of  the  highest 
sidelobe  for  beam(s)  1  (Figure  1.4-2)  is  -13  dB  relative  to  the  beam  peak. 

The  difference  between  peak  sidelobe  and  beam  peak  gain  decreases  with  in¬ 
creasing  angle  off  broadside  until  for  beam(s)  4  (Figure  1.4-5),  the  difference 
is  only  8.5  dB.  The  half  power  beam  width  (HPBW)  for  the  uniform  beam  is 


HPBW  »  where  8  is  the  angle  off  broadside  and  the  factor  (4)  is  the 

effective  aperture  in  wavelengths. 

00A  Technique  |2:  If  the  end  elements  of  the  array  are  used  as  an  interfero¬ 
meter,  ambiguous  solutions  exist  since  the  elements  are  3.5  X  apart.  The 
ambiguity  can  be  resolved  by  determining  which  beaaport  provides  the  strongest 
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1  .4  Results  (Continued) 

output  signal.  The  interferometer  phase  difference  versus  DOA  for  the  uniform 
illumination  beams  is  plotted  in  Figure  1.4-7.  The  radiation  pattern  of  the 
interferometer  is  the  same  as  the  element  factor  (E=cos9),  and  since  each  inter¬ 
ferometer  element  is  only  one  element  of  the  eight  element  array,  its  gain 
is  -9  dB  relative  to  the  uniform  illumination  beams. 

DOA  Technique  #3:  The  in-phase  combination  of  two  adjacent  beamports,  a  Modified 
Butler  (MB), yields  a  cosine  illumination  beam  (Reference  A).  Combining  the 
eight  Butler  beams  by  adjacent  pairs  via  a  180°  hybrid  yields  seven  pairs  of 
sum  and  difference  patterns  as  shown  on  Figures  1.4-8  to  1.4-11.  A  composite 
of  the  sum  beams  is  shown  in  Figure  1.4-12.  In  the  formation  of  the  MB  beams, 
the  cosine  illumination  function  causes  a  loss  in  aperture  efficiency  of  about 
0.9  dB,  and  the  peak  sidolobe  level  is  reduced  to  about  -25  dB  relative  to 
the  beam  peak. 

DOA  Technique  34:  Using  the  edge  elements  as  an  interferometer  as  before, 
the  phase  difference  versus  DOA  for  the  MB  cosine  illumination  beams  is  plotted 
in  Figure  1.4-13.  The  radiation  pattern  and  gain  characteristics  are  the  same 
as  described  above. 

DOA  Technique  #5:  The  sum  and  difference  patterns  shown  in  Figures  1.4-8  to 
YA-W  illustrate  a  pseudo-monopulse  technique  for  QQA  determination. 

However,  unlike  a  monopulse  system  the  beams  are  fixed  in  space  and  cannot  be 
moved  in  a  continuous  fashion.  The  peak  sidelobe  gain  Is  only  -3  dB  relative 
to  the  gain  of  the  difference  pattern  as  shown  in  Figure  1.4-11. 

QQA  Technique  16:  The  radiation  patterns  for  the  in-phase  combination  of  two 
MB  co sT ne  ilYum'i nation  beams  in  a  1:1  and  0.5:1  voltage  combining  ratio  are 
shown  in  Figures  1.4-14  and  1.4-15.  The  beam  shown  in  Figure  1.4-14  was  formed 
by  adding  Butler  beams  1L+1R  to  1R+2R.  The  formation  of  two  adjacent  MB  beams 
causes  a  3  dB  loss  in  gain  as  described  in  Section  2,2.  A  technique  for 
combining  these  beams  in  order  to  provide  a  continuous  beam  steering  (CBS) 
capability  is  shown  in  Figure  1.4-16.  The  response  characteristics  for  the  CBS 
network  are  shown  in  Figures  1.4-17  to  1.4-20  as  a  function  of  phase  shifter 
position.  A  block  diagram  illustrating  implementation  of  the  network  is  shown 
in  Figure  1 .4-21 . 

DOA  Accuracy:  The  performance  accuracy  of  the  OOA  techniques  described  above 
is  shown  in  Figures  1.4-22  to  1.4-26.  A  comparison  of  accuracy  values 
as  a  function  of  S/N  ratio  and  number  of  pulses  averaged  is  shown  in  Figures 
1.4-27  and  1.4-28.  The  S/N  ratio  values  are  referenced  to  an  arbitrary  field 
strength  that  would  provide  the  designated  S/N  ratio,  if  the  incoming  signal 
arrived  at  the  peak  of  the  beam,  at  beamports  It  or  1R  of  the  uniform  array. 

The  relationships  used  for  the  9  bearing  error  determination  are  described 
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1 .4  Results  (Continued) 

in  Sections  2.4  and  2.5.  A  comparison  of  computed  Q^^and  approximate  9rm$ 

is  shown  in  Figure  1.4-29.  The  impact  of  averaging  up  to  100  OOA  readings 

on  9  is  also  shown  in  Figure  1.4-29. 
rms 

Since  all  of  the  9^  calculations  described  above  are  based  upon  a  constant 
rms 

antenna  aperture,  it  is  of  interest  to  determine  the  effect  of  doubling  the 
antenna  aperture  length  on  0  .  If  we  double  the  length  of  our  array  to  16 

elements,  we  will  gain  3  d8  in  directivity.  For  comparison  purposes  0 

for  a  16  element  MB  array  was  computed  and  plotted  and  is  shown  in  Figure  1.4-30. 

The  versus  S/N  ratio  values  are  again  referenced  to  the  8  element  Butler 
rms  3 

Array.  Comparing  Figure  1.4-30  with  1.4-24  at  S/N  *  20  dB,  shows  0  (16)  = 

0.55°  and  9  ( 8 )  a  1.5°,  an  improvement  factor  of  2.8. 


A  signal /jammer  scenario  was  examined  in  order  to  determine  the  relative  OOA 
location  performance  of  the  Butler  and  MB.  Results,  described  in  Section  2.6 
and  Figure  1.4-31,  indicate  the  Butler  has  a  relatively  narrow  range  of 
operation  in  a  jamming  environment  when  compared  to  the  MB. 

The  impact  of  cross  polarization  on  OOA  accuracy  was  examined  and  is  described 
in  Section  2,7.  Results  indicate  that  the  MB  is  more  vulnerable  to  polari¬ 
zation  induced  errors  than  is  the  Butler.  This  result  is  due  to  the  MB  having 
a  lower  value  for  (k),  the  beam  difference  slope  factor. 

1 ,5  Conclusions 

Six  different  OOA  techniques  were  described  in  Seetion  1.3.  Based  on  the 
results  of  this  study, conclusions  reached  concerning  these  techniques  were 
as  follows: 

OOA  Technique  #1 :  Examination  of  Figures  1.4-27  and  1.4-23  reveals  that  for 

P“ 1 ,  th  i V  technique  will  provide  the  sinqle  lowest  value  for  9  _  ,  where  at 

-j  11  rcfls 

9*0°,  $/N  =  11  dB,  0^  ^  1°.  Since  for  the  uniform  beams  the  HP8W  »  12.8°, 

nos 

the  beam-split  ratio  is  *13:1,  This  configuration,  which  has  the  highest  gain 
and  the  best  single  OOA  performance,  suffers  from  two  major  deficiencies. 

First,  when  a  signal  arrives  near  a  null  of  one  beam,  a  bearing  error  bias 
exists  which  is  statistically  independent  of  the  number  of  readings  taken. 
Second,  the  -13  dB  sidelobe,  as  one  would  expect,  makes  the  system  highly 
vulnerable  to  a  jammer,  and  can  cause  the  bearing  error  to  more  than  double 
when  the  field  strengths  of  the  jammer  and  signal  are  comparable  at  the 
antenna  aperture. 
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1 .5  Conclusions  (Continued) 

DQA  Technique  §2:  Figure  1.4-28  shows  that  at  angles  away  from  broadside, 
the  addition  of  an  interferometer  can  improve  an  ESM  system's  overall  DOA 
accuracy.  However,  since  the  interferometer  lacks  any  spatial  filter  capabi¬ 
lity,  its  role  is  restricted  to  that  of  a  passive  (non-jamming)  or  low  inter¬ 
ference  environment. 

DOA  Technique  #3:  The  M8  provides  essentially  uniform  performance  over  the 
field  of  view  (FOV).  Figure  1.4-27  shows  that  if  a  large  number  of  pulses 
can  be  averaged  it  will  outperform  the  Butler  by  a  wide  margin.  The  beam 
split  ratio  can  be  arrived  at  from  Figure  1.4-24,  where  9  =  7°,  S/N  =  17  dB, 
P-1 ,  it  equals  17/1.4  =  12:1. 

Using  the  scenario  described  in  Section  2.6,  th  lower  sidelobe  level  of  the 
MB  gives  it  a  definite  advantage  over  the  Butler  in  a  jamming  environment  as 
shown  in  Figure  1.4-31.  However,  in  a  passive  situation  (with  P  =  1),  the 
Butler  provides  the  superior  performance  due  to  its  higher  gain. 

As  discussed  in  Section  2.7,  signal  amplitude  measurement  errors  have  about 
twice  the  impact  on  MB  9  as  compared  to  the  Butler  9  .  This  is  due  to 

the  MB  (k)  factor  being  iBSut  one-half  that  of  the  Butll$s(k)  factor. 

Analysis  shows  that  if  the  ESM  system  lacks  a  polarization  measurement  capabi¬ 
lity,  and  the  antenna  lacks  polarization  purity,  the  error  introduced  in  the 
voltage  ratio  measurement  by  a  cross  polarized  signal  can  easily  exceed  the 
error  caused  by  nHse. 

DOA  Technique  $4:  Figure  1 .4-28  shows  that  a  significant  improvement  in  OCA 
accuracy  can  be  achieved  by  the  addition  of  an  interferometer.  This  technique 
would  be  useful  in  a  non- jamming  environment.  Ambiguity  resolution  is  more 
difficult  (compared  to  DOA  Technique  12)  and  requires  signal  strength  mea'ure- 
ment  in  two  adjacent  beam  ports. 

OQA  Technique  #5:  Figure  1.4-27  shows  that  this  configuration  tails  victim 
to  the  same  bias  error  that  plague*  the  Butler.  Figure  1.4-26  shows  that 
good  DOA  accuracy  is  achieved  only  over  a  narrow  portion  of  the  field  of 
view.  In  addition,  the  high  sidelobe  level  for  the  difference  patterns,  as 
shown  in  Figures  1.4-8  to  1.4-11  makes  the  system  highly  vulnerable  to 
external  interference.  In  short,  this  technique  has  little  to  offer. 

DOA  Technique  16:  Continuous  beam  steering  can  be  achieved  by  the  method 
described  herein,  but  the  shape  of  the  beam  will  vary  with  scan  angle.  DOA 
information  could  be  derived  from  the  phase  shifter  position  but  the  adapta¬ 
tion  time  would  preclude  operation  against  anything  but  a  steady  state  signal , 
The  main  advantage  of  the  CBS  may  lie  in  the  steering  cf  the  null,  rather  than 
the  steering  of  the  beam.  Figures  1.4-19  and  1.4-20  show  that  a  near  "see- 
through"  capability  can  be  created  when  two  signals  have  a  small  angular 
separation. 
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The  results  of  this  study  are  generally  applicable  to  a  Rotman  Lens  Antenna , 
except  that  the  beam  shape,  sidelobe  level,  and  beam  crossover  parameters 
are  more  flexible  in  that  design. 


The  9  bearing  error  derived  in  this  study  constitutes  only  that  portion 

of  the  total  error  that  is  due  to  noise.  A  total  system  error  analysis  must 
include  error  parameters  such  as:  impedance  mismatch  loss;  receiver  amplitude 
imbalance;  transmission  line  and  equipment  phase  errors;  beam  forming  network 
losses;  receiver  dynamic  range  limitations;  polarization  losses;  and  platform 
position  accuracy. 


1 .6  Recommendations 

The  recommended  configuration  for  a  Butler  Matrix  type  multi  beam  antenna 
system  is  one  that  uses  several  of  the  DOA  techniques  described  above.  The 
antenna  baseline  should  be  the  MB  with  its  cosine  illumination  beams  that 
provide  good  anti-jam  capability.  Next,  the  CBS  network  should  be  an  add-on 
so  that  emitters  that  are  less  than  a  beamwidth  away  from  a  cover  jammer  can 
be  located.  If  the  ESM  system  is  to  operate  in  a  passive  environment,  the 
edge  elements  should  be  used  as  an  interferometer  for  precise  DOA  information 
on  short-on-time  emitters. 


If  a  Rotman  Lens  Antenna  is  used,  a  beam  crossover  of  approximately  2  dB 
will  provide  nearly  uniform  location  performance  across  the  FOV.  The 
aperture  illumination  function  should  provide  a  worse  case  sidelobe  level  of 
about  -25  dB.  A  sidelobe  level  below  -25  dB  is  not  likely  to  be  design 
effective  because  of  the  small  reduction  in  the  9  that  can  be  obtained  in 
a  jamming  situation.  ™s 

Extreme  care  must  be  taken  in  the  design  of  the  antenna  aperture  so  that  the 
beam  voltage  ratio  response  is  constant  with  varing  polarization,  since 
polarization  errors  are  likely  to  be  the  most  severe  error  source  that 
originates  in  the  antenna  system. 

Because  the  results  of  this  study  are  based  entirely  on  theoretical  values 
and  relations,  „n  experimental  program  should  be  performed  whereby  the  accuracy 
of  these  results  can  be  ascertained.  The  test  antenna  can  be  either  a  Butler 
Matrix  or  Rotman  Lens  Antenna,  since  both  of  these  antenna  types  are  currently 
used  in  operational  ESM  systems. 
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2.0 

DETAILED  DATA 

2.1 

Butler  Matrix 

Figures  1.4-1  to  1.4-6  illustrate  the  Butler  matrix  and  its  uniform  illumi¬ 
nation  beams.  A  feature  of  tne  matrix  is  that  each  beam  port  has  the  full 
gain  of  the  array,  even  if  all  beam  ports  are  used  simultaneously.  Beam 
crossover  occurs  at  -3.9  dB  reiative  to  the  peak  of  the  beam  while  the  peak 
of  a  beam  is  coincident  with  the  null  of  the  adjacent  beams. 

The  9  rms  versus  S/N  calculations  were  referenced  to  an  incoming  signal 
arriving  at  the  peak  of  beam  1L  or  1 R ;  the  field  strength  of  this  signal 
being  such  that  the  output  S/N  ratio  of  a  receiver  connected  to  1L  or  1R  is 
the  designated  valu' . 

Figures  1.4-22  and  i.4-23  are  dB  plots  of  beams  1L,  1R  &  1 L ,  2L  radiation 
patterns.  The  voltage  ratio  between  the  two  beams  (DOA  technique  #1)  which 
is  used  for  DOA  determination,  is  shown  as  the  beam  difference  since  - 

20  log  |jjj-  =  lP(dB)-lL(dB) 

The  slope  of  the  beam  difference  (k)  is  shown  in  dB/deg.  Examination  of 
Figures  1.4-22  and  1,4-23  reveal  that  the  0  rms  bearing  error  is  minimum  at 
the  beam  crossover  and  maximum  at  a  beam  null.  This  result  is  due  to  a  bias 
error  which  is  described  In  Section  2.5  and  reference  B. 

Since  the  S/N  =15  dB  plot  occurs  at  the  peak  of  a  beam  (+7.18°),  the  S/N 
ratio  at  the  crossover  is  actually  15-3.9  =  11.1  dB,  due  to  the  antenna  gain 
characteristic.  Therefore,  for  a  signal  arriving  at  the  crossover  angle, 

9  =0°,  and  a  receiver  output  S/N  ratio  of  11.1  dB,  the  0  rms  bearing  error 

Is  1°. 

2.2  Modified  Butler  Matrix  (MB) 

The  previous  section  described  the  uniform  illumination  beams  formed  at  the 
output  of  a  standard  Butler  Matrix.  If  we  now  combine  a  pair  of  adjacent 
beams  in  phase,  we  will  create  a  new  beam  that  has  a  cosine  illumination 
function.  This  new  beam  {  £  )  will  suffer  a  gain  loss  of  0.92  dB  relative 
to  the  peak  of  a  uniform  beam,  and  will  have  a  first  sidelobe  that  is  -25  dB 
relative  to  the  beam  peak  as  shown  in  Figure  1.4-8  (using  isotropic  elements 
the  first  sidelobe  is  down  -23  dB).  By  combining  adjacent  beam  ports  we  can 
generate  seven  cosine  illumination  beams.  Unfortunately  we  cannot  form  two 
adjacent  cosine  beams  simultaneously  without  a  gain  loss. 

Figures  1.4-8  to  1.4-11  show  the  I  and  &  outputs  for  the  cosine 
illumination  beams.  Figure  1.4-12  is  a  composite  of  the  £  beams  (which  are 
designated  A-0).  Referring  to  Figures  1.4-24  and  1.4-25,  the  9  bearing 

error  is  plotted  for  the  amplitude  comparison  technique  using  tnes  £ 
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2.2  Modified  Butler  Matrix  (MB)  (Continued) 

patterns  (DOA  technique  #3).  In  computing  8rms>  the  gain  values  for  the  MB 

beams  were  lowered  by  3  dB  to  account  for  the  loss  in  the  beam  forming  net¬ 
work  shown  below. 


MODIFIED  BUTLER  (MB)  OUTPUTS 


Y 


\ 


i 

'  \ 


1 


For  comparison  purposes,  if  a  signal  arrives  at  the  beam  crossover  angle  of 
9  =-7.18°,  the  S/N  ratio.at  the  receiver  output  is  15  dB  -3-3=9  dB,  and 
with  P=1  then  9  3  2.5°.  The  poorer  performance  being  due  to  the  lower 

values  for  gained  the  beam  difference  slope  factor  (k). 

We  can  also  use  the  E  &  A  beams  for  our  DOA  determination.  Note  how¬ 
ever,  from  Figure  1.4-8  that  the  sidelobes  of  the  difference  pattern  are  only 
down  -10  dB  relative  to  the  peaks  of  the  difference  pattern.  The  0  bearing 

error  for  amplitude  comparison  between  £  &  A  (DOA  Technique  #5)  is  shown 
in  Figure  1.4-26.  It  can  be  seen  that  the  error  increases  rapidly  at  angles 
beyond  the  crossover,  which  is  due  to  a  decreasing  value  for  (k).  When  the 
DOA  approaches  the  null,  9^„  increases  due  to  the  bias  error  described  in 
Section  2.5.  ms 


2.3  Continuous  Beam  Steering  (CBS) 

Referring  to  Figure  1.4-8  and  the  beam  complements  of  Figure  1.4-9,  if  we 
combine  the  two  E  beams,  In  a  1/1  amplitude  ratio,  we  will  form  the  beam 
shown  in  Figure  1.4-14,  which  has  its  peak  near  Q  =  7°.  If  we  change  the 
combining  ratio  to  .5/1,  we  have  the  pattern  shown  in  Figure  1.4-15  where  the 
beam  peak  is  now  at  9  »  3.5°.  It  becomes  apparent  that  by  changing  the  ampli¬ 
tude  combining  ratio  we  can  synthesize  a  new  beam  which  can  be  steered  between 
the  original  two  beams. 

A  technique  for  implementing  C8S  is  shown  in  Figure  1.4-16.  The  two  phase 
shifters  ( 0-. and  0.)  are  ganged  so  that  their  sum  is  always  equal  to  Tt 
The  derivation  cfche  network  equations,  where  the  antenna  array  factor  was 
approximated  by  a  cosn9  function,  is  contained  in  Appendix  3.1.  The  relative 
signal  voltage  at  channels  A  &  B  is  plotted  In  Figure  1.4-17  for  cignal  DOA's 
of  0°,  7°,  and  14°  as  a  function  of  tne  phase  shifter  position  0. 
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2.3  Continuous  Beam  Steering  (CBS) (Continued) 

Figures  1 .4-1 8  to  1.4-20  show  the  relative  signal  level  in  the  two  channels 

in  dB  as  a  function  of  0.  A  technique  for  implementing  the  network  is  shown 

iri  Figure  1.4-21.  If  0-j  and  0„  are  set  to  tt  ^channels  A  and  B  see  the 

original  beams  f  ,  f  +  1. 

n  n 

Referring  to  Figure  1 .4-20,  let  us  position  a  jammer  at  9  =  8°,  and  adjust 
0  to  a  value  of  138°.  This  maximizes  the  jammer  signal  level  in  channel  A 
and  minimizes  it  in  channel  B.  Now  if  a  desired  emitter  lies  at  9  =  7°  or 
9°,  the  S/0  ratio  in  channel  B  will  be  enhanced  by  the  difference  between  the 
crossover  an'  the  depth  of  the  null.  This  nulling  technique  could  provide 
a  near  see-through  capability  when  a  jammer  and  a  desired  emitter  are  angularly 
separated  by  less  than  a  beam  width. 

The  DOA  cr  a  continuous  signal  could  also  he  determined  by  calibrating  the 
null  versus  0  position.  The  accuracy  of  the  DOA  measurement  would  then  be 
a  function  of  h  w  accurately  0  could  be  measured.  It  is  doubtful  that  a 
short-on-time  pulsed  emitter  could  be  located  by  this  technique,  due  to  ihe 
adaptation  time  of  the  null  forming  loop. 

2.4  Interferometer 

The  edge  elements  of  the  uniform  array,  which  are  3.5  wavelengths  apart,  can 
be  used  as  an  Interferometer  for  detemining  an  Incoming  signal's  DOA.  The 
outputs  from  the  two  elements  go  to  a  pair  of  matched  receivers  and  then  to 
a  phase  comparator.  The  measured  phase  difference  (0)  corresponds  to  a  family 
of  possible  angles  of  arrival  (9n)  whicn  are  determined  by  the  following 
relationship. 


sin  6n  ° 


X 

7 


2  IT 


+  n 


»>..ere  n  is  an  Integer 


(1) 


A  possible  solution  exists  for  every  multiple  of  \  /2  spacing  between  ele¬ 
ments.  Referring  to  Figure  1.4-7,  we  see  seven  possible  DOA  values  for  j-,> 
0.  The  ambiguities  are  resolved  by  measuring  the  relative  amplitude  of  the 
signal  at  the  Butler  beam  ports  (DOA  technique  #2). 


The  same  technique  can  be  used  with  the  modified  Butler  where  the  cosine  beams 
are  formed  (DOA  technique  #4),  However,  referring  to  Figure  1.4-13,  it  can 
be  seen  that  some  of  the  0  lines  nearly  oess  through  the  beam  crossovers, 
therefore,  elimination  of  the  ambiguities  Is  more  difficult  with  the  broader 
cosine  beams. 


If  non-simultaneous  operation  of  the  Interferometer  and  the  beam  forming  array 
is  satisfactory,  tne  switching  technique  shown  below  can  be  used. 
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Interferometer  (Continued) 
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RCVR  #2 

COUP. 

If  simultaneous  operation  is  required,  some  form  of  signal  splitting  technique 
is  necessary.  The  technique  shown  below,  although  lossy,  preserves  the 
relative  gain  relations  used  in  the  analysis  that  follows. 
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The  measured  phase  difference  0  is  related  to  DOA  angle  9  by  the  relation 

$.  »  sin  9  (2) 

differentiating  (2)  we  have 

cos  g  (3) 

from  reference  (c),  page  462,  the  error  in  phase  measurement  due  to  noise  is  • 


4La  2li 

d9  X 


2.  ♦  » 

31  S2 
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2.4  Interferometer  (Continued) 

where  N/S  is  the  noise  to  signal  power  ratio  in  each  channel  and  P  is  the 
number  of  measurements  that  are  averaged.  Then  the  9  error  due  to  only 

the  presence  of  noise  is  - 


or 


hi 


/d9\ 
rms  (gy) 


X  A^rms 

2  tr  d  cos8  in  radians 


(5) 


®°r(ns  *  9.i°  .  _  ) 

1  d  cos  9  ’ 


in  degrees  (6) 


Figure  1.4-28  is  a  plot  of  the  interferometer  9rms  accuracy  as  compared  to 

the  Butler  (uniform  beams)  and  Modified  Butler  (cosine  beams).  In  computing 
S»  ,  the  S/N  values  are  referenced  to  the  peaks  of  beams  1L  or  1R,  except 
tnal  the  interferometer  antenna  gain  is  lower  by  9  dB, which  in  turn  lowers 
the  S/N  ratio  by  that  value.  Figure  1.4-28  is  interesting  in  that  near  9=0 
the  uniform  beam  amplitude  comparison  system  is  superior  to  the  interfero¬ 
meter.  This  being  true  when  noise  is  the  only  error  source  (in  actual 
practice  the  losses  in  the  Butler  Matrix  or  the  interferometer  equipment 
phase  errors  could  alter  this  result). 


2.5  DOA  Accuracy  Derivation 


In  order  to  compute  the  DOA  accuracy  of  a  multi  beam  antenna  amplitude  comparl 
son  system,  beam  radiation  pattern  characteristics,  beam  difference  charac¬ 
teristics,  and  the  slope  of  the  beam  difference  as  a  function  of  DOA  must  be 
determined.  Radiation  patterns  were  computed  using  the  following 
relationships: 


A^e 


j  1 


A2e 


j  $  2 


Ane 


j  >l>  n 


(1) 


where  3  ~~  —  sin  9  +  5  (2) 

and  Et  3  electric  field  strength 

An  =  amplitude  of  signal  In  nth  element 
d  3  spacing  between  elements 
9  =  angle  off  broadside 
6  3  phase  delay  between  elements 
X  3  wavelength 
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2.5  DQA  Accuracy  Derivation  (Continued) 

From  (1),  the  space  factor  (S)  as  defined  in  reference  (d)  is  - 


S 


If  the  array  is  boresighted  at  angle  0  ,  the  relative  phase  delay  for  the 
kth  element  as  referenced  to  the  center  of  the  array  is  5  ^. 


&rk  3  2  (X-  f  '  °-5)d  X  sin9o  (4) 

Then  from  (2)  and  (4) 

4i  k  3  2  tt ( k~  -0.5)d  x  (sinQ  +  sin0Q)  (5) 

The  impact  of  the  element  radiation  patterns  is  introduced  by  multiplying 
the  space  factor  (S),  by  the  element  voltage  pattern.  For  the  array 
described  herein,  a  90°  HPBW  was  assumed  for  the  element  which  says  - 

S'  =  Scos1©  (6) 

The  computation  process  then  consists  of  defining  - 

N,  the  number  of  elements 

d^  ,  the  spacing  between  elements  in  wavelengths 
A  ,  the  element  amplitude  values 
9  ,  the  boresight  angle 
9,  the  angle  of  interest 
cose9,  the  element  pattern 


A  radiation  pattern  in  dB  is  obtained  by  computing  and  plotting  10  log  (S') 


2. 
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DOA  Accuracy  Derivation  (Continued' 


If  we  have  two  independent  patterns  which  are  boresighted  at  angles  0]  and 
®2»  and  we  combine  the  two  in  phase,  then  the  space  factor  is  - 

Et  »  A:(  )  +  A  (  +  e^2  )  +  ...  A  (  e^n+  eJC) 


which  yields 


r  |  _  COS  e 

0  -  ~TP—e — 


n  2  q  2  ^ 

(EAa  (0oS4,ii,co3*'  )]  +[J*nUi,1*ii+ sin*'  )]  (8) 

. 

4 


where  »  £(  »x) 

^  a  f  (  »2) 

m  normalizing  factor 


The  relationships  used  for  computing  0  are  taken  from  reference  (b)  and 
are  as  follows:  rmsn 


8.686 


'"l  *  N2 


when  S/N  in  both  channels 
is  greater  than  6  dB 


where  k  is  beam  difference  slope  in  dB/deg 

N.j  and  Ng  are  noise-to-signal  power  ratios  at  receiver  outputs. 

P  *  the  number  of  pulses  averaged 

i  /”t7 

9rmsn  “  cl  W  near  a  nu^  wllen  S/N  1n  one  channel  is  less  (10) 
than  6  dB. 

where  N  =  ratio  of  noise  power  in  null  channel  to 
signal  power  in  sum  channel 

c  =  the  beam  voltage  ratio  slope  in  v/ deg 
9bias  !c  *{H  1  N12  where  ”6  bB  <S/N  <6  dB  (11) 


no  «ooo  a  mb  omo,.  */n 
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00A  Accuracy  Derivation  (Continued) 


Obias  s\c  V7N  where  S/N  in  null  is  less  than  -6  dB. 


Equations  (11)  and  (12)  represent  bias  errors  caused  by  noise  in  the  null 
channel  output.  For  example,  in  the  diagram  shown  below  if  a  signal  arrives 
at  0  ,  and  is  buried  in  the  noise  of  the  nul1  channel,  the  ratio  of  the  null 

channel  output  (noise)  to  the  sum  channel  signal  will  correspond  (in  look-up 
table)  to  a  00A  at  9-j .  This  then  is  a  bias  error  and  is  independent  of  the 

number  of  pulses  averaged.  g  g 


.NULL  CHANNEL 


NOISE 


<!' 


Therefore,  to  compute  the  total  0rm$  error,  we  will  rss  the  noise  error  of 
equation  (10)  with  the  bias  errors  of  equations  (11)  and  (12)  to  get  - 


L  /I  ,  Nn 
N12  2P+-yp 


for  -6  dB  <  S/N  <  6  dB 


8rms  *  c  ^12(IP  +  ~T'  )  for  S/<N  1,1  one  channei  <  -6dB 
and  repeating  equation  (9)  where  no  bias  error  exists 


8.686, 

k 


N1  +  N2 


for  S/N  >  6  dB  in  both  channels 


In  the  process  of  computing  the  radiation  patterns,  the  space  factor  data 
S'  (in  voltage)  is  stored  and  later  used  to  compute  k  and  c.  The  noise  to 
signal  power  ratios  are  computed  by  first  Inputting  a  referenced  S/N  ratio 
(in  dB)  at  the  peak  of  beam  1L.  The  antenna  gain  values  are  then  used  to 
determine  the  N/S  power  ratio  existing  at  the  angle  of  Interest  by  using 
the  following- 


14 

0180-24987-1 


00  6000  2*46  9RIQ.  4/71 


TH* 


COMPANY 


I 


Figure  1.4-29  is  a  plot  of  the  computed  9  for  the  uniform  illumination 

Butler,  using  equations  (13),  (14),  and  (15).  Since  the  stepped  discontinuities 
are  unrealistic,  a  smoothing  function  was  created. 

From  equations  (10)  and  (12) 


Since  the  last  term  represents  the  bias  error,  which  only  exists  when  S/N 
<6  dB,  we  will  introduce  the  multiplying  factor  (F),  which  is  antenna 
gain  dependent. 


let  F  =  [ ,  .  10(S/M-6+e)/10  ]  2 


(19) 


where  S/N  is  in  dB  at  peak  of  beam  1L 

G  is  null  antenna  relative  gain  at  angle  of  interest  and  is 
always  5  0. 


for  example,  if  the  reference  S/N  =  15  dB  and  G=-9  (corresponding  to  6  dB 
S/N  ratio)  F  =  (1-10°)  c  a  0  and  the  bias  term  vanishes. 

If  the  exponent  is  greater  than  0,  then  the  S/N  ratio  at  the  angle  of  interest 
is  greater  than  6  dB,  so  the  bias  term  is  discarded.  As  G  -*  -  oo  » 

F  —►  1,  and  the  bias  term  is  totally  included. 

Introducing  the  smoothing  function  into  equation  (18)  we  have  for  Q1^ 


QrrasUpprox1mate)  is  shown  in  Figure  1.4-29  using  equation  (20) 
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2.5  DOA  Accuracy  Derivation  (Continued) 

Doubling  the  length  of  the  aperture  will  double  the  value  for  (k)  and  lower 
the  N/S  ratio  by  1/2.  From  equation  (9),  the  reduction  factor  for  9rms  is  - 

2  =  2.8  (21 


The  9rms  calculations  were  performed  on  an  HP-9820  using  the  programs  shown 
in  Appendices  3.2  and  3.3. 

2.6  External  Noise  Impact  on  DOA  Accuracy  (Jamming) 

If  an  external  noise  source  (i.e.,  jammer)  lies  in  the  FOV,  under  certain 
conditions  its  presence  can  cause  a  significant  increase  in  9rm$  bearing 

error.  In  order  to  determine  the  relative  performance  of  the  Butler  and  MB 
in  a  jamming  environment,  a  scenario  was  examined  wherein  a  desired  signal 
lies  at  9=0°,  and  a  jamming  signal  eminates  from  9=’28°,  where  it  is  outside 
a  main  beam,  but  at  the  ptak  of  a  si  del obe .  A  minimum  S/N  requirement  of 
13  dB  was  chosen  for  signal  recognition.  This  corresponds  tofia  90?-  proba¬ 
bility  of  detection  and  a  maximum  false  alarm  rate  of  1  (10)’°  (Reference  C, 
Page  34) . 

The  analysis  was  performed  as  follows:  Let's  assume  we  have  an  emitter  at 
-7.18  ,  and  its  field  strength  is  such  that  the  S/N  output  of  receiver 
1L  is  30  dB  when  using  the  Butler  antenna.  We  will  position  a  MB  above  the 
8ut1er  and  swing  both  antennas  so  that  the  emitter  now  lies  at  9a0°.  The 
S/N  ratio  of  four  identical  receivers  (two  for  each  antenna)  is  derived  from 
Figures  1.4-2,  1.4-6,  1.4-8  and  1.4-9.  Remembering  that  we  must  lower  the 
MB  S/N  ratio  by  an  additional  3  d8  due  to  the  beamport  power  divider  loss; 


Butler  Receiver  1L 
Butler  Receiver  1R 
I®  Receiver  A 
MB  Receiver 


S/N  (dB)  N/S  (Power) 


26 

.0025 

26 

.0025 

26 

.0025 

17 

.02 

16 
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2.6  External  Noise  Impact  on  DOA  Accuracy  (Jamming)  (Continued) 

Next,  let  the  fie?d  strength  of  the  jammer  signal  when  measured  at  our 
antenna,  be  -3  dB  relative  to  the  desired  signal.  Then  the  S/J  ratios  at 
the  beamport  outputs  of  our  two  antennas  are: 


S/J  (dB 

J/S  (Power) 

Butler  Receiver  1L 

17 

.02 

Butler  Receiver  1R 

13 

.05 

MB  Receiver  A 

28 

.0016 

MB  Receiver  B^ 

29 

.00126 

Next,  combining  the  signal,  receiver  noise  and  jammer  powers: 

Total  N/S  (dB)  Total  N/S  (Power) 


Butler  Receiver  11 

-16 

.0225 

Butler  Receiver  1R 

-12.8 

.0525 

M8  Receiver  A 

-23.8 

.0041 

MB  Receiver  B^ 

-16.7 

.0212 

Since  the  S/N  ratio  is  greater  than  6  dB  in  all  receivers,  we  can  compute 
Qrras  using  equation  (9),  Section  2.S. 


Butler  ° 
ms 


8.686 

rr~ 


.0225  ♦ 

- F 


-°—5-  »  0.673° 


0) 


MB  8 


rras 


8.686 

B  rr~ 


V.  0041  ♦  .0212 
- 


*  0.612° 


If  we  eliminate  the  jawner, 

Butler  9  =  0.174° 

ms 

M8  9^c  “  0.576° 
ms 

The  performance  degradation  is 


.673° 

.174° 


“3.87  for  the  Butler 
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2 .6  External  Noise  Impact  on  DOA  Accuracy  (Jamming)  (Continued) 

and  =  1 .06  for  the  MB. 


From  the  above,  it  can  be  seen  that  although  the  uniform  illumination  Butler 
can  provide  the  superior  performance  at  9=0°,  its  performance  is  more  severely 
affected  by  the  presence  of  external  noise,  which  is  due  of  course  to  its 
higher  sidelobe  level . 

The  effect  of  S/J  and  S/N  ratios  on  9  was  computed  and  plotted.  Results 

are  shown  in  Figure  1.4-31.  The  plot  reveals  that  the  MB  can  operate  over 
a  much  wider  S/J  range,  but  at  the  sacrifice  of  DOA  accuracy  in  a  quiet 
environment. 


If  we  compare  the  MB  DOA  accuracy  with  another  antenna  which  has  sidelobes 
that  are  5  dB  lower,  but  has  the  same  aperture  efficiency  (using  a  Taylor 
Distribution) , 


MB  receiver  A»— S/d  a  33  dB  than  J,S  a  .0005 


KB  receiver  8L_.S/J  a  34  d8  then  J/s  „  0004 

TOTAL  N/$a  «*  .0005  ♦  .0025  «  .003 
TOTAL  N/Sg  a  0QO4  +  Q2  ,  <0204 


then 


MB 


9  « 

ros 


8.686 

r.T~ 


.003  *  .0204 
2 


•  0.587°  i 


0.96 


(3) 


Therefore,  lowering  the  peak  sidelobe  from  -25  dB  to  -30  dB  reduced  8  by 
about  4t. 


2.7  Cross  Polarization  Impact  on  PDA  Accuracy 

If  the  antenna  does  not  have  a  polarization  measurement  capability,  then  the 
output  voltage  ratio,  which  is  determined  by  measuring  an  incoming  signal 
amplitude  at  two  adjacent  beamports,  will  correspond  to  a  particular  00A  as 
determined  by  a  "look-up  table".  This  table  will  have  values  which  are  based 
upon  the  antenna's  response  to  the  calibration  signal's  polarization.  An  error 
may  occur  in  the  DOA  determination  unless  the  ratio  is  constant  for  all  signal 
polarizations. 
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2.7  Cross  Polarization  Impact  on  DOA  Accuracy  (Continued) 

This  would  require  the  antenna  aperture  to  have  elements  which  did  not  deviate 
in  response  with  differing  polarizations  and  angles  of  arrival.  This 
characteristic  may  not  be  too  difficult  to  obtain  if  the  antenna  is  linearly 
polarized.  However,  with  circular  polarization  an  axial  ratio  of  at  least 
3  dB  is  lixely  to  occur  somewhere  in  the  FOV.  If  we  assume  a  signal  arrives 
at  an  angle  where  a  3  dB  error  occurs,  a  bias  error  will  result  which  is  a 
function  of  the  beam  difference  slope.  Referring  to  the  beam  difference  line 
of  Figure  1.4-24,  if  the  signal  arrives  at  -7.2°,  a  3  dB  error  would  create 
a  bias  error  of  +  2.3°.  With  the  uniform  beams,  the  error  is  less  pronounced 
due  to  the  larger  value  for  k  and  is  about  1.2°  near  0=0°.  The  total  error 
would  then  be  the  rss  of  the  polarization  bias  and  the  noise  errors. 

As  can  be  seen  from  the  above,  the  error  due  to  polarization  response 
deficiencies  can  easily  exceed  the  error  due  to  receiver  noise.  If  the 
antenna  is  to  provide  excellent  DOA  information  for  all  polarizations,  then 
it  must  have  an  excellent  axial  ratio  or  have  a  polarization  measurement 
capability  and  corresponding  look-up  table. 
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FIGURE  1.4-7 
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FIGURE  1.4-9 
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FIGURE  1,4-12 
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FIGURE  L4-14 
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figure  L4-16 
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SEATTLE,  WASHING  TON 


HP-982C  PROGRAM  FOR  -6-rms  APPROXIMATE 
(use  when  S/N<-6dB) 


o*. 

US  HOMOPULSE  DO 

A  ACC  MPPROXirifiT 
E  ‘ 

F\: li  3 :  F  L  7  3;  TEL 
1 »  EN ;  "  L*JW  THE  1  ft 
—  I? EG ‘  *  R46S  ENT  “H 
IGH  THETA- DEG “ « R 

.1  ~  •- 

ENT  ’ ANG  DELTA  D 
Eb '  .  Fi4u  F 

•-%  1 

O  • 

SCL  R4t.jR4?>-45> 
5F 

‘t  " 

0^R2'??  EHT  'ENT  $- 
FOR  LIFF'AT"  »R29 
F 


EHT  "COS  KP-VOLT 
AGE  R3B “ >  R30F 

“7  • 

■ 

EHT  "SPACING  R31 
«  R31F 
81 

EHT  “HUM.  £LEM. 
R33 " • R33F 
9? 

ENT  :amp.  values 
R  i.  A  -  *  F 
10: 

1  *  AF 
li: 

"K“ 5  ENT  Rft5Rft*Ri 
R83*l-Ai H 

4  •*  • 

IF  R33  2>ft;l+ft*A 

5  GTO  “ K '■  F 
13: 

0*R34? 1 *RF 
14: 

-  H " : RA-rR34*P.34F 
15: 

IF  R33> A’ 1 + 

GTO  HM“F 


1  c-  • 

EHT  “HU.  OF  BEAM 
S? R35 “ « R35H 

i  •  •  •  * 

30-BF 
*  •— *  • 

*  T  :  EHT  R  i&  J  *- 
i  9 : 

IF  R35*35>8;  1+8* 
B?  GTO  “  T  ‘  F 

R  4  e  +  Z  r 

.-*  :  ■ 

0*R39F 

22: 

“  n  ”  ?  0?R4l*-R42*R4 

3F 

23: 

0-»ft;  3S+BF 
24: 


CFG  1 : &-R32 ? ENT  i 

'  ”  P " 

?  ft+1* 

AF 

“ENT  9  FOR  SECF'fl 

•  25: 

T’  • R 3 2 : IF  R32=9 ? 

‘  S 

;  s  i  n 

RB  +  aF 

SFG  1 s  GTO  16r 

2  t-  i 

368^R3Mft-Ri*3/'2- 
.5«(SIM  Z-X*4R44 
F 

— t  m 

RACOS  R44+R41+R4 
IF 

RASIM  R44+R42+R4 
2|- 

■ 

IF  R2?=5? -RA+RflF 

mZf  M  k 

IF*  R33>ft?  GTO  “P" 
1“ 

IF*  R35+35>B? 1+B* 
B? 14ft? GTO  ” Q ” H 

*T»  C  • 

COS  ZTR30/R34* 
BBS  riR41*2+R42t 
2J -R43F 

*»0  j 

R43/rR35*R45F 

» 

IF  R32*9 ?  R45+R  ( 5 
1+R39)  F 
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IF  R32=9:R45+R(  1 
J0 1  R  3 9  •  R 
*34 : 

PLT  Z «  2‘JLOG  R45R 
37: 

IF  R  4  7  -  Z »  R  4  U  +  Z  ■*  Z 
:  !4-R3*?-iF:3'?l  GTO  “ 

M  “R 

* 

IF  FLG  I?  GTO  40R 
33 : 

PEN  ?  GTO  31-  *  * 
40: 

PEN  :$CL  R46«IW7 
> -25?  25R 
41 : 

R4£<+Z5  0+R39R 
42: 

"R"SR<101+R39)^R 
?.51*R39)+R».  151+R 
33’  R 
43: 

PLT  Z-29L0G  Rii5 

1 +R39  •  I- 

44: 

IF  R47>Z5R40+Z+Z 
5  i  *R3 9 + R 3 3  >  GT 0 

R-R 
4e> : 

PEN  ?R46+Z50+R39 

R 

4t : 

SCL  R46?R47?-25? 
25R 
4  **  s 

“S“ ?  PLT  Z+.5R40, 
20 (LOG  R ( 152+R33 
3 -LOG  R  ( 151+R393  . 
»'R40R 

r:  ft  a 

‘TO* 

IF  R47>Z+R40? R40 
+Z+Z5  1  +R39+R39  ? 
GTO  "S“R 


ENT  "3-  N-HB" ? y; R 
46*Z?@*R395  PEN.  : 
3CL  P46,R47»-5»5 
•ENT  “ NU  P «  R48R 
50: 

"V“5  iV+20  (LOG  (R 
-3 1  +  R 3  9 3  +  R (52  +  R  3 
33  3 -LOG  2  3  3  /  1 0  +  R 
49i 1/10+R494R43R 

( Y+28 (LOG  ( R ( 1 0 1 
+R333 +R ( 102+R333 
) -LOG  2 ) 3 / 1 0 4 R 5 0 

■  ?  1  /  1  0tR50-J.R50R 

52 « 

R48--'  (R  ( 1.52  +  R39  3  - 
R  ( 1 5 1  +  R  3  9 )  .•  +  R  0  R 
53: 

( 20-R40  3  LOG  (Rd 
51  +R39  3  •'  k  ( 152  +  R3 
93 3  +  B »  fl B S  B  +  BR 
54: 

IF  E49£ .  25  5  IF  R5 
0i. 255 PLT  Z+.5R4 
0 1  (3.  686/B  3  r  (  ( R4 
9+R503 /’2R43) R 
55: 

Y-6+20 (LOG  r R ( 1 0 
1+R39) +R ( 102+R39 
3  3  - . 3 ) +R50  5  .  1R50 
AR50R 
5b :  . 

PBS  R.0r  ( R49/2R48 
3  +CR 
57 : 

IF  0 > R 5 O 5  PLT  Z+. 
5R40j  Or ( 1  +  1 . 57R4 
8(1-10+R50)  1 2  3  R 
D  3 : 

IF  R47>Z  +  R40? R 4 0 
tZ  +  Z? 1 +R39+R39  5 
GTO  “ V ' R 
59: 

END  R 
R203 
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